r Vagal sensory inputs transmit information from the viscera to brainstem neurones located in the nucleus tractus solitarii to set physiological parameters. These excitatory synapses exhibit a CB1 endocannabinoid-induced long-term depression (LTD) triggered by vagal fibre stimulation.
Introduction
Nutritional status profoundly alters neural circuits operating both during brain development and in adulthood (Mattson et al. 2003; Murphy et al. 2014; Georgieff et al. 2015) . Diet manipulations, caloric restriction or fasting modulate synaptic plasticity in several brain regions and in turn influence behaviours (Fontan-Lozano et al. 2007; Spolidoro et al. 2011) . Among several actors involved in synaptic plasticity, lipid messengers such as endocannabinoid (eCB) are key modulators of synaptic functions (Castillo et al. 2012) where they mediate diverse forms of short and long-term changes in synaptic efficacy. In addition, the eCB system plays a crucial role in the regulation of energy balance through central and peripheral mechanisms (Quarta et al. 2010; Sharkey & Wiley, 2016) . Nutritional status causes dramatic changes in eCB signalling and related synaptic plasticity in brain regions involved in the sensing of nutrient availability. For example, food deprivation increases excitatory synaptic inputs to orexigenic neurones of the arcuate nucleus of the hypothalamus (Yang et al. 2011) and switches dorsomedial hypothalamic inhibitory synapses from a depressing to a potentiated state (Crosby et al. 2011) . Hindbrain nuclei also contribute to the integration of energy-related visceral information (Grill & Hayes, 2012; Schwartz & Zeltser, 2013) . Among them, the nucleus of the solitary tract (nucleus tractus solitarii; NTS) receives and processes a large amount of visceral information via the vagus nerve, where it results in glutamatergic transmission (Doyle & Andresen, 2001 ; Lachamp et al. 2006) . The NTS also receives humoral information through its bidirectional connection to the area postrema (Schwartz, 2010; Agnati et al. 2012) .
Despite this central role in integrating energy status signals and controlling behavioural, autonomic and endocrine responses (Schwartz, 2010; Agnati et al. 2012; Grill & Hayes, 2012) , little attention has been paid to state-dependent plasticity between vagal afferent fibres and NTS neurones during different nutritional states.
We recently described an eCB-mediated presynaptic form of synaptic long-term depression (LTD) between visceral afferent and NTS neurones (Khlaifia et al. 2013) . Interestingly, previous work has shown that vagal CB1 receptor (CB1R) expression is modulated by the nutritional status (Nefti et al. 2009; Paulino et al. 2009; Burdyga et al. 2010 ) and feeding-related hormones such as cholecystokinin (CCK) and ghrelin (Burdyga et al. 2010) . However, the actual impact of these changes on vagal synaptic plasticity and information processing within the NTS is unknown. Here we tested the hypothesis that food deprivation alters eCB signalling and LTD between visceral afferent fibres and NTS neurones. We found that food deprivation suppresses LTD and eCB signalling in excitatory synapses between visceral afferents and NTS neurones. This LTD suppression was restored by short-term refeeding. We then investigated the role of the mechanistic target of rapamycin (mTOR), 5 -AMP-activated protein kinase (AMPK) and extracellular signal-regulated kinase (ERK) energy sensing pathways in the control of LTD during nutritional challenges.
Methods

Ethical approval
All procedures were in agreement with the European Community Council directive 2010/63/EU. We received the agreement of the Marseille Ethics Committee 14.
Animals
Postweaning male Wistar rats (28-35 days) were housed in pairs with a constant light/dark phase (light phase from 08.00 to 20.00 h). Rats were anaesthetized with halothane before killing by decapitation and slice preparation. Anaesthesia depth was measured by testing the pedal withdrawal reflex (foot pad pinch on both hind feet).
Slice preparation
Preparation of horizontal medullary slices was performed as described previously (Strube et al. 2014) . The brainstem was cut on a vibrating-blade microtome into 300-μm-thick slices, in oxygenated (95% O 2 -5% CO 2 , pH 7.4) saline containing the following (in mM): 130 NaCl, 3 KCl, 0.5 CaCl 2 , 4 MgCl 2 , 26 NaHCO 3 , 1.25 KH 2 PO 4 , 10 glucose, 0.5 ascorbate, 2 pyruvate and 3 myo-inositol. Slices were then allowed to recover for 1 h at room temperature.
Recordings
Slices were perfused with the above physiological solution containing 2 mM CaCl 2 , 2 mM MgCl 2 and a GABA A antagonist (50 μM picrotoxin) at 32-34°C. Neurones were recorded in the medial NTS region. Whole-cell patch-clamp recordings (holding potential = −80 mV) were made with an Axopatch 200B (Molecular Devices, Sunnyvale, CA, USA). Patch electrodes (2.5-4 M ) contained the following (in mM): 120 caesium methane sulfonate, 10 NaCl, 1 MgCl 2 , 0.1 CaCl 2 , 1 EGTA, 2 ATP, 0.3 GTP, 10 glucose, 10 Hepes, pH 7.4. Stimulation of the tractus solitarius (TS; 1-10 V; 100 μs duration, 0.05 Hz) was applied using a bipolar electrode. Excitatory postsynaptic currents (EPSCs) were deemed monosynaptic by virtue of their short latencies (< 3 ms) and small jitter (0.26 ± 0.03 ms, n = 25; Doyle & Andresen, 2001; Accorsi-Mendonça et al. 2011) . After a baseline recording period, TS was stimulated at low frequency (low-frequency stimulation; LFS; 4 Hz, 4 min) to induce LTD (Khlaifia et al. 2013) . LTD was then monitored for at least 30 min after its induction. On a control series, we verified that in the absence of LFS after the baseline period, EPSC amplitude remained stable over 50 min (n = 6; 288 ± 88 vs. 290 ± 74 pA; P = 0.9; Fig. 1B ). Miniature EPSCs (mEPSCs) were recorded in the presence of tetrodotoxin (1 μM). Neurones in which series resistance (< 20 M ) or input resistance was unstable were discarded. For each series, data were obtained for at least five animals.
Food deprivation and systemic injection of drugs
Twenty-four hours prior to slice preparation, two animals were housed in the same cage. For the fed group, rats had access to food and water ad libitum. For the fasting group, food but not water was removed from the cages. Food deprivation induced a significant reduction in body weight (136.1 ± 2.8 vs. 123.1 ± 2.7 g (n = 20); P = 2 × 10 −16 ). In another set of experiments, animals were food deprived for 24 h and then either refed with standard chow (A03 diet, SAFE, Augy, France) for 3 h and/or I.P. injected with drugs or their vehicles. U0126, devazepide, RU486, ]-GHRP-6, YIL-781 and leucine were purchased from Tocris Cookson (Bristol, UK). Lipophilic compounds were first prepared as stock solution in ethanol at a concentration of 10-100 mM. The final concentration of the solvents was below 0.01% for the highest concentration of the drugs. Other chemicals were obtained from Sigma-Aldrich (St Quentin Fallavier, France). Devazepide (300 μg kg −1 ) was injected I.P. in a cocktail composed of a mixture of 20% Tween 80, 20% PEG, 10% ethanol and 50% saline. SL-327 was dissolved in ethanol, then diluted in saline (50%) and injected at 300 μg kg −1 . CCK, MK-801 and ghrelin were prepared in saline and injected I.P. at a dose of 7 μg kg −1 , 200 μg kg −1 and 1 mg kg −1 , respectively. Rapamycin was dissolved in ethanol and diluted in saline for I.P. injection (4 mg kg −1 , final ethanol concentration: 10%). [D-Lys 3 ]-GHRP-6 and YIL-781 were dissolved in saline. For I.P. injections, the maximum volume injected was 500 μl. To block glucocorticoid receptors, RU486 (25 mg kg −1 ) dissolved in canola oil was injected subcutaneously three times beginning when the food was removed (09.00, 20.00 and 09.00 h) and drinking water (0.1% ethanol) contained 50 μg ml 
Quantification of endocannabinoids and N-acylethanolamides in the NTS
The extraction and quantification of anandamide (AEA), 2-arachidonoylglycerol (2-AG), palmitoyethanolamide (PEA) and oleoylethanolamide (OEA) from tissues require a set of different biochemical steps as described previously (Lafourcade et al. 2011; Gatta-Cherifi et al. 2012) . After volatile anaesthesia, rats were decapitated and brain was rapidly removed, quickly frozen in liquid nitrogen and stored at −20°C. Slices of thickness 300 μm were obtained from the brainstem at the NTS level using a cryostat. Approximatively 40 punches (diameter: 0.75 mm) of NTS from seven rats were pooled in order to analyse ca 8 mg of tissue. Therefore, variability between samples from the same group represents the technical variability. Tissues were then homogenized and extracted with chloroform-methanol-Tris-HCl 50 mM pH 7.5 (2:1:1, v/v) containing internal deuterated standards (AEA-d4, PEA-d4, OEA-d4 and 2-AG-d5). The dried lipid extracts were then analysed with liquid chromatography-chemical ionization-tandem mass spectrometry (LC-MSMS). Mass spectral analyses were performed on a TSQ Quantum triple quadrupole instrument (Thermo-Finnigan, San Jose, CA, USA) equipped with an atmospheric pressure chemical ionisation (APCI) source and operating in positive ion mode. A sensitive and specific LC-MSMS method was previously developed and validated for eCB quantification (Gatta-Cherifi et al. 2012) . The amounts of AEA, 2-AG, PEA and OEA were determined using a calibration curve and expressed as pmol or fmol per mg of lipids.
Analysis
All analyses were performed with Axon software (Molecular Devices). LTD strength was estimated by measuring EPSC amplitude on 30 successive responses before LFS and 25 min after LTD induction (Khlaifia et al. 2013) . Paired-pulse ratio (PPR) and coefficient of variation (CV) were measured as described before (Khlaifia et al. 2013) . The ratio of NMDA to AMPA was calculated by subtracting the scaled average AMPA EPSCs (holding potential = −80 mV) from the average composite EPSC (AMPA+NMDA, holding potential = +30 mV) to extract the NMDA component. 
Statistical analysis
The difference between means of two samples was computed using two-way unpaired or paired non parametric tests (the Mann-Whitney and Wilcoxon's test, respectively). For comparison of LTD strength between three groups or more, normality and equal variance were first verified (the Shapiro-Wilk test and Levene median test, respectively). Then we used a one-way parametric or a Krushal-Wallis (KW) ANOVA followed by post hoc Newman-Keuls test or Dunn's test to compare groups, respectively. For repeated measurements, a two-way repeated measures ANOVA was used followed by a post hoc Newman-Keuls test. Statistical data are given as means ± SEM and n indicates the number of recorded neurones. Statistical tests were computed by using Sigmaplot 12.5 software (Systat Software Inc., San Jose, CA, USA). Departure from a unimodal distribution was tested with Hatigan's dip test (Freeman & Dale, 2013) with the R statistical package (R Core Team, 2014). The differences were considered significant at P < 0.05. All authors had access to the study data and reviewed and approved the final manuscript.
Results
The nutritional state conditions LTD at excitatory NTS synapses
We compared the strength of LTD at excitatory synapses between visceral afferent fibres and NTS in ad libitum fed, food-deprived and refed rats during the early light period. As previously observed in fed rats (Khlaifia et al. 2013) , low-frequency stimulation (LFS) of TS fibres induced a long-term depression (LTD) of excitatory synaptic responses (EPSC; 222 ± 28 vs. 153 ± 20.5 pA; 71 ± 4.3% of control; P = 0.001; n = 25; Fig. 1A and B). Although changes in EPSC amplitude were variable between neurons, distribution of these changes followed a unimodal normal distribution (Shapiro-Wilk test: P = 0.6; Hartigan's dip test: P = 0.912). LTD was accompanied by a significant increase in coefficient of variation of EPSCs (CV: 0.14 ± 0.016 vs. 0.209 ± 0.02; P = 0.001; Fig. 1H ) confirming a presynaptic expression of LTD (Khlaifia et al. 2013) . In fasted rats (24 h), LFS did not induce a significant long-term EPSC depression (309 ± 56.4 vs. 291 ± 49 pA; 97 ± 4.5%, P = 0.414; n = 13; Fig. 1C and D). CV remained unchanged in such conditions (CV: 0.124 ± 0.012 vs.
0.11 ± 0.01, P = 0.15, n = 12; Fig. 1H ). Refeeding rats for 3 h rescued LFS-induced LTD (320 ± 64 vs. 210 ± 30 pA; 75 ± 8%, P = 0.02, n = 10; Fig. 1 E and F) and changes in CV (0.149 ± 0.02 vs. 0.22 ± 0.03, P = 0.008; Fig. 1H ). This LTD was prevented by application of AM251 (a CB1R antagonist, 5 μM; 105 ± 10%, n = 6; P = 0.98; data not shown) as observed previously in fed animals (Khlaifia et al. 2013) . Mean LTD was similar between fed and refed rats but was completely absent in fasted rats (ANOVA: F = 6.46, P = 0.003; Fed vs. Fast: P = 0.003; Fast vs. Refed: P = 0.018; Fed vs. Refed: P = 0.65; Fig. 1G ). These data suggest a tight correlation between eCB-LTD in the NTS and the nutritional status.
Fasting impairs CB1R-mediated responses at NTS synapses
In rats fed ad libitum, LFS-LTD is triggered by the activation of presynaptic CB1Rs located on visceral afferent fibres (Khlaifia et al. 2013) . We therefore reasoned that blockade of LTD in fasted animals may have resulted from alteration in eCB signalling. To explore this possibility, we directly activated CB1R by bath-applying ACEA (3 μM, 10 min). In fed rats, ACEA rapidly induced a long-lasting EPSC depression (218 ± 25 vs. 150.6 ± 24 pA; 70 ± 5.5%, n = 12, P = 0.002; chemical LTD; eCB-LTD; Fig. 2A and E) that did not revert after extensive washout, hence mimicking LFS-LTD (Khlaifia et al. 2013) . eCB-LTD was associated with an increase in CV (0.23 ± 0.03 vs. 0.14 ± 0.02, P = 0.001; Fig. 2F ). In contrast, ACEA application did not induce eCB-LTD in NTS neurones from fasted rats (196 ± 20 vs. 194 ± 23 pA; 97 ± 5%, P = 0.41, n = 12; Fig. 2B and E). Accordingly CV was unchanged (0.16 ± 0.02 vs. 0.17 ± 0.022, P = 0.45; Fig. 2F ).
As observed for LFS-LTD, refeeding in fasted rats rescued ACEA eCB-LTD (315 ± 50 vs. 250 ± 62 pA; 69 ± 7%, P = 0.012, n = 8; Fig. 2C and E) and caused an increase in CV (0.15 ± 0.03 vs. 0.22 ± 0.04, P = 0.02; Fig. 2F ). Mean eCB-LTD was similar between fed and refed rats but completely blocked in fasted rats (ANOVA: F = 4.71, P = 0.007; Fed vs. Fast: P = 0.007; Fast vs. Refed: P = 0.01; Fed vs. Refed: P = 0.78; Fig. 2E ). Stress induced by fasting triggers a prolonged elevation of circulating corticosterone in rats that may have impaired eCB-LTD by reducing CB1R expression (Crosby et al. 2011) . We therefore administered the genomic glucocorticoid receptor antagonist, RU486, during the 24 h food deprivation period. In slices J Physiol 595.11
obtained from animals receiving RU486, LFS-LTD did not recover (95 ± 3.5% of control, P = 0.11; Fig. 3A and B), indicating that in the NTS LTD impairment did not result from activation of glucocorticoid receptors.
Since fasting may have induced an increase in eCB content within the NTS, we measured eCB levels in the NTS in fed and fasted rats. Fasting induced a significant and specific increase in AEA but not in 2-AG, PEA and OEA (AEA in fmol (mg lipids) -1 : 1348 ± 183 vs. 293 ± 9; 
eCB synaptic depression is modulated by the nutritional status
A, rats fed ad libitum: normalized EPSC amplitude for 12 neurones before and during ACEA application. B, fasted rats: normalized EPSC amplitude for 12 neurones before and during ACEA application. C, refed rats after fasting: normalized EPSC amplitude for 9 neurones before and during ACEA application. D, representative traces for average EPSCs recorded in NTS neurones for the three conditions before and at the end of ACEA application. E, mean ACEA-induced depression for the control (Fed) group, the fasted group and the refed group. F, changes in CV before and during ACEA application in NTS neurones. Note that in the fed and refed groups CV is significantly increased suggesting a presynaptic site for ACEA-induced depression. 
. Fasting does not induce a permanent depressive state at NTS synapses
A, normalized EPSC amplitude for 8 neurones before and after LFS in fasted rats injected with vehicle. B, normalized EPSC amplitude for 10 neurones before and after LFS in fasted rats injected with RU486. Note that LTD is still prevented by fasting. C, normalized EPSC amplitude for 6 neurones before and after AM251 application in fasted rats. CB1R blockade did not reveal an eCB endogenous tone. D, upper trace, EPSC of NTS neurones expressed a paired-pulse depression when TS was stimulated twice with a 50 ms interval. Lower trace, superimposition of average EPSC (20 traces) recorded at +30 mV before and after subtraction of the fast AMPA component (see J Physiol 595.11 Methods). The grey trace represents the NMDA component of the EPSC. E, comparison of PPR, CV and the ratio NMDA to AMPA in fed and fasted conditions (n = 37 and n = 29 for PPR and CV for fed and fasted, respectively, and n = 11 and n = 10 for ratios for fed and fasted, respectively). F, comparison of frequency-dependent depression of EPSCs in fed (n = 20) and fasted (n = 18) conditions. The inset shows a typical response to a train (50 Hz, 5 shocks) in an NTS neuron. G, example of miniature EPSC on two different time scales. The EPSC at the bottom is an average of 100 mEPSCs. H, comparison of mEPSCs frequency and amplitude in fed (n = 10) and fasted (n = 14) conditions. None of the parameters depicted here show a significant difference between groups. P = 0.009, n = 3; 2-AG in pmol (mg lipids) -1 : 438 ± 82 vs. 699 ± 52; P = 0.76, n = 3; PEA in pmol (mg lipids) -1 : 3.17 ± 0.084 vs. 2.73 ± 0.2; P = 0.17, n = 3; OEA in pmol (mg lipids) -1 : 4.12 ± 0.36 vs. 3.0 ± 0.23; P = 0.089, n = 3; 7 rats per data point). This suggests that an elevated eCB tone could have occluded eCB-LTD from being induced. Since blockade of CB1R by AM251 (3 μM) on NTS neurones from fasted rats did not increase synaptic transmission (Fig. 3C, 93 ± 4%, n = 6, P = 0.3), our results argue against an enhanced eCB tone during fasting. However, previous studies have shown that once induced eCB-LTD is not reversed by CB1R blockade . We therefore analysed different parameters of basic synaptic transmission in the different rat groups (EPSC amplitude, CV, short-term depression, synaptic NMDA/AMPA ratio, mEPSC amplitude and frequency in fed vs. fasted rats). Neither EPSC amplitudes (224 ± 21 (n = 37) vs. 264 ± 28 (n = 30)); fed vs. fasted, respectively, P = 0.19; Mann-Whitney test for all tests), PPR (0.59 ± 0.04 (n = 37) vs. 0.62 ± 0.05 (n = 28); fed vs. fasted, respectively, P = 0.6) or CV (0.154 ± 0.01 (n = 37) vs. 0.125 ± 0.01 (n = 29); fed vs. fasted, respectively, P = 0.11) was different between groups ( Fig. 3D and E) . In addition the ratio NMDA to AMPA was unchanged (0.44 ± 0.06 (n = 11) vs. 0.48 ± 0.06 (n = 10); fed vs. fasted, respectively, P = 0.7; Fig. 3D and E). We also studied short-term synaptic depression induced by a five-pulse stimulation at 50 Hz (Fig. 3F) . This initial frequency-dependent depression was not different between groups at any time point (n = 20 and n = 18 for fed vs. fasted, two-way repeated measurements ANOVA: F = 0.15, P = 0.96 for status × stimulation number, F = 0.012, P = 0.912 for status; F = 203, P < 0.001 for stimulation number). Finally, we recorded from mEPSCs ( Fig. 3G and H) . Neither frequency nor amplitude differed between groups (7.3 ± 2.3 vs. 7.6 ± 1.2 Hz (P = 0.31) and 19.6 ± 2.3 vs. 19.2 ± 2.3 (P = 0.65) for fed (n = 10) and fasted rats (n = 14), respectively). Altogether these data argue against a CB1R-induced depressive state during fasting.
Ghrelin suppresses LFS-LTD and eCB signalling during fasting
Suppression of eCB LTD was tightly correlated to conditions that would increase food intake such as food deprivation. We therefore tested the role of ghrelin, a gut-derived orexigenic hormone that is secreted in circulation in response to food deprivation (Zeltser et al. 2012) . We found that I.P. injection of ghrelin antagonists ([D-Lys 3 ]-GHRP-6 (4 μmol kg −1 ) and YIL-781 (15 mg kg −1 )) during the fasting period prevented the loss of LFS-LTD (Fig. 4A, 72 ± 2% of control, n = 6; P = 0.03). We next examined whether I.P. injection of ghrelin (1 μg g −1 ) in fed rats, 1 h before preparing slices, mimicked the fasting state. We observed suppression of LFS-LTD induction (94 ± 5% of control, n = 8; P = 0.09; Fig. 4B and G) and eCB-LTD (96 ± 5%, n = 8; P = 0.83; Fig. 4C and H) . We then tested whether direct ghrelin action within the NTS was sufficient to alter eCB-LTD. Ghrelin treatment (30 nM, 1 h) of brain slices from free-fed rats also prevented LFS-LTD and eCB-LTD (LFS-LTD: 94 ± 8% of control, n = 7; P = 0.93; ACEA: 110 ± 7% of control, n = 7; P = 0.57; Fig. 4D-E and H) .
Activation of ghrelin receptors alters synaptic plasticity in the hypothalamus via an increase in phosphorylation of the AMP-dependent kinase (AMPK), a kinase whose activity is typically associated with energy deficit during food deprivation in the hypothalamus and the NTS (Hayes et al. 2009; Andrews, 2011) . We therefore tested the effect of AICAR, an AMPK activator, on LFS-and ACEA-induced synaptic depression. Pre-treatment of brainstem slices form free-fed rats with AICAR (0.5 mM, 30 min) prevented LFS-LTD and ACEA EPSC depression (LFS-LTD: 94 ± 7% of control, P = 0.56; ACEA: 102 ± 10% of control, P = 0.98; Fig. 4F-H) . AMPK may act through inhibition of the mammalian target of rapamycin (mTOR) complex 1 pathway (André & Cota, 2012) . We therefore tested the effect of mTOR inhibition on the induction of LFS-LTS on slices from free-fed rats. Direct application of rapamycin (0.5 μM) on slices from fed rats did not alter basal synaptic transmission ( Fig. 5A ; 96 ± 10%, P = 0.68, n = 7) but prevented LFS-LTD, suggesting that activation of mTOR occurred downstream of the activation of CB1R (93 ± 5%, P = 0.099, n = 10; different from LFS-LTD in untreated slices, P = 0.008; Fig. 5B and D) . Peripheral administration of rapamycin in refed rats yielded to similar results. Refeeding restored LFS-LTD in the vehicle-treated group (62 ± 7%, P = 0.01, n = 7), but not in the rapamycin group (103 ± 9%, P = 0.96, n = 10, mean values different from control refed rats; P = 0.013, n = 7; data not shown).
To confirm that CB1R activation induced mTOR activity, we directly activated CB1R with ACEA. Previous experiments (see above) showed that ACEA induced a long-lasting depression of EPSC in control slices from fed rats. In contrast, application of ACEA on slices treated with rapamycin did not induce synaptic depression (101 ± 5%, P = 0.83, n = 7; mean value different from control; P = 0.003; Fig. 5C and D) confirming the role of mTOR in eCB signalling. Finally, we directly activated mTOR by application of leucine (1 mM) on slices from fed rats (Blouet & Schwartz, 2012) . As shown in Fig. 5E and H, leucine induced a long-lasting synaptic depression (70 ± 7%, P = 0.015, n = 7) accompanied by an increase in CV, indicating a reduction in release probability (0.12 ± 0.01 vs. 0.19 ± 0.01, P = 0.03; Fig. 5G ). Rapamycin (0.5 mM) prevented leucine-induced depression (97 ± 0.05, n = 6, P = 0.7, different from leucine, P = 0.014; Fig. 5F and H) and changes in CV (0.14 ± 0.02 vs. 0.16 ± 0.06, P = 0.68; Fig. 5G ), confirming the involvement of mTOR in synaptic depression.
Activation of CCKR is mandatory to restore LTD
During refeeding, CCK is released by the upper small intestine and may be involved in LTD rescue. We thus compared LTD strength in fasted rats receiving I.P. injections of a CCK receptor (CCKR) antagonist (devazepide, 300 μg kg −1 ) or vehicle 30 min before refeeding. Vehicle treatment did not affect LFS-LTD rescue upon refeeding ( Fig. 6A ; 67 ± 8, P = 0.005, n = 12). In contrast, devazepide prevented LTD, demonstrating that CCK release is mandatory to restore LTD after fasting (96 ± 10%, P = 0.34, n = 10; Fig. 6B , different from control, P = 0.033; Fig. 6E ). We then evaluated the effect of exogenous CCK (7 μg kg −1 ) in fasted rats. CCK or vehicle was injected I.P. 1 or 3 h before slice preparation in fasted rats. As expected, LFS did not induce a significant LTD in fasted rats treated with the vehicle (98 ± 8%, P = 0.652, n = 8; Fig. 6C ). One hour after CCK injection in fasted rats, LFS of visceral afferent fibres did not induce a significant LTD (87 ± 6%, P = 0.1, n = 10, Fig. 6E ). However, LFS did induce LTD in fasted rats injected with CCK 3 h before slice preparation (70 ± 7%, P = 0.012, n = 9; Fig. 6D ). Fasted rats and fasted rats injected with CCK 1 h before the study yielded to a similar mean depression, which was weaker than in fasted rats + CCK 3 h (ANOVA: F = 3.92, P = 0.034; Fast vs. Fast + CCK 1 h: P = 0.26; Fast vs. Fast + CCK 3 h: P = 0.028; CCK 1 h vs. CCK 3 h: P = 0.09; Fig. 6E ).
CCK restores CB1R-mediated responses via NMDAR
We checked whether synaptic depression by direct CB1R activation was also rescued by CCK. ACEA application in fasted rats failed to induce a significant ACEA-LTD (97 ± 5%, P = 0.93, n = 12, Fig. 2B ). In contrast, injection of CCK 3 h before slice preparation rescued ACEA-induced LTD (69 ± 8%, P = 0.007, n = 8; fast vs. CCK, P = 0.008; Fig. 6F and H) . Peripheral CCK triggers NTS neurone activity through vagal NMDA receptor (NMDAR) activation (Campos et al. 2012) . We therefore checked whether NMDAR activation was needed for the rescue of eCB-LTD. Fasted rats were I.P. injected with MK-801 (an NMDAR antagonist that crosses the brain-blood barrier) 30 min before CCK injection. MK-801 prevented the rescue by CCK of eCB-induced synaptic depression (96 ± 5%, P = 0.25, n = 8, Fig. 6G ). In contrast, ACEA still induced EPSC depression (75 ± 3%, n = 7, P = 0.03; Fig. 6H ) in fed rats injected with MK-801, confirming that NMDAR do not interfere with CB1R signalling (Khlaifia et al. 2013) . Mean eCB-LTD in fasted rats was different from fast + CCK and fed + MK-801 but not from fast + MK-801 + CCK (ANOVA: F = 7, P = 0.001; Fasted vs. Fasted + CCK: P = 0.003; Fasted vs. Fasted + MK-801 + CCK: P = 0.75; Fasted + CCK vs. Fasted + MK-801 + CCK: P = 0.01; Fasted + CCK vs. Fed + MK-801: P = 0.86; Fig. 6H ).
CCK activates the ERK1/2 pathway to rescue LTD
Having shown that NMDARs were necessary to rescue eCB-LTD, we searched for downstream pathways. Peripheral CCK injection leads to NMDAR activation and consequently to the ERK pathway both in central vagal terminals and NTS neurones (Sutton et al. 2004; Campos et al. 2012) . SL327, a selective brain-permeant inhibitor of ERK1/2, was I.P. injected 15 min before CCK and slices were obtained 3 h later. As shown in Fig. 7A and E, LFS failed to induce a sustained synaptic depression of EPSCs in NTS neurones (93 ± 5%, n = 8, P = 0.31). Because inhibition of ERK phosphorylation may disrupt CB1R signalling rather than preventing LTD rescue, we verified whether blockade of mitogen-activated protein kinase kinase (MEK) in fed rats may prevent LTD. As shown in Fig. 7B and E, peripheral administration of SL327 to fed rats did not block LFS-LTD (70 ± 2%, P = 0.002, n = 10). Finally, we directly tested MEK blockade on slices from fed rats. LFS-LTD was not prevented during blockade 
mTOR activation is necessary for LFS-LTD and ACEA-induced depression
A, normalized EPSC amplitude for 7 neurones before and during rapamycin application in fed rats. B and C, slices from fed rats pre-treated with rapamycin. B, normalized EPSC amplitude for 10 neurones before and after LFS.
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C, normalized EPSC amplitude for 7 neurones before and during ACEA application. D, mean depression for all groups. Pre-incubation with rapamycin suppresses eCB-induced depression. E, normalized EPSC amplitude for 7 neurones before and during leucine application. F, normalized EPSC amplitude for 6 neurones before and during leucine application on slices pretreated with rapamycin. Leucine induces an EPSC depression which is blocked by rapamycin. G, leucine induces a significant increase in EPSC CV which is prevented by rapamycin. H, mean depression for the leucine groups.
of MEK by SL327 (10 μM; Fig. 7C ) or U0126 (10 μM, another MEK inhibitor, Fig. 7D ) applied 30 min before and during recording from NTS neurones (73 ± 3.5%, n = 10; P = 0.008 and 80 ± 6% n = 7; P = 0.04 for U0126 and SL327, respectively, UO126 vs. SL327: P = 0.46; Fig. 7F ).
Discussion
Long-term changes in communication from the viscera to the brain are expected not only to impact physiological homeostatic parameters but also to shape more complex behaviours and cognition (Critchley & Harrison, 2013) . In this study, we found that the feeding state controls synaptic plasticity of excitatory synapses between visceral afferent fibres and NTS neurones. During fasting elevation of circulating ghrelin leads to LTD impairment via the potential modulation of the AMPK/mTOR balance (Fig. 8) . eCB-and LFS-LTD are restored upon refeeding via the sequential activation of CCK receptors and the NMDAR-ERK pathway. These data demonstrate that the prandial state modulates long-term changes in synaptic gain in the first central nucleus that receives and integrates energy-related signals from the gut.
Food deprivation and ghrelin impair eCB effects and synaptic plasticity
LFS of the TS induces LTD of NTS excitatory transmission by the release of AEA via the activation of NMDAR possibly located on visceral fibres (Aicher et al. 1999; Khlaifia et al. 2013) . Fasting prevents LFS-LTD and associated changes in presynaptic parameters (such as EPSC variability probed by CV) by impairing CB1R-induced depression since direct activation of CB1R no longer triggers synaptic depression. Stress due to food deprivation suppresses eCB-LTD at GABA synapses in the dorsomedial hypothalamus by activation of glucocorticoid receptors as their blockade with RU486 prevents eCB signalling loss (Crosby et al. 2011) . Here the increase in glucocorticoid levels may not be responsible for the absence of eCB-LTD in the NTS, as treatment with RU486 did not rescue it. It should be noted, however, that central RU486 availability may be restricted due to its limited passage of the blood-brain barrier (Heikinheimo & Kekkonen, 1993) . Nevertheless, our results rather suggest that central activation of ghrelin receptors is involved in the suppression of eCB signalling. eCB levels increase in the hypothalamus during fasting (Di Marzo et al. 2001; Kirkham et al. 2002) . Accordingly, we observed a specific increase in AEA in the NTS during fasting. However, basic synaptic transmission after fasting was unaltered arguing against a CB1R-induced permanent depressive state. Moreover, earlier studies have reported an increase or no changes in CB1R expression in vagal afferent fibres during fasting (Jelsing et al. 2009; Burdyga et al. 2010) suggesting that down-regulation of CB1R did not occur. Alternatively, disruption of downstream targets or pathways needed for CB1R effects, such as reduced coupling efficiency of CB1R to Gi/o transduction proteins may have led to the loss of eCB-LTD (Mato et al. 2004) . In addition, studies have shown that eCB-LTD required protein translation (Adermark et al. 2009; Younts et al. 2016) . Decrease in mTOR expression in the NTS during fasting (Blouet & Schwartz, 2012 ) may therefore be responsible for the disruption of synaptic plasticity.
Here we show that LTD induced by either stimulation of visceral afferent fibres or direct CB1R activation requires mTOR activation. Blockade of mTOR disrupted LFS-LTD and eCB signalling while direct activation of it with leucine induced LTD. This suggests that mTOR signalling is located in the presynaptic compartment. A recent study corroborates our hypothesis by showing that activation of CB1R enhances presynaptic protein translation via mTOR activation and leads to LTD of inhibitory transmission in the hippocampus (Younts et al. 2016) . The mTOR pathway is activated by states of positive energy balance in several regions including the NTS (Cota et al. 2006; Blouet & Schwartz, 2012) . Conversely, AMPK activity, which is recruited by ghrelin, is increased in the NTS during fasting (Hayes et al. 2009; Andrews, 2011) . AMPK is known to inhibit the mTOR pathway (André & Cota, 2012) , an effect that might have led to impaired eCB signalling in the NTS (Fig. 8) .
CCK rescues LTD in the NTS during refeeding
We show here that LTD rescue upon refeeding is mediated by CCKR activation. Blockade of CCKRs by peripheral antagonist injection prevented LTD recovery during refeeding, while peripheral CCK injection in fasted rats restored LTD induction and eCB signalling. Although direct action of CCK on NTS neurones is possible, the main site of action of peripheral CCK administration appears to be on peripheral vagus nerve endings where it promotes vagal fibre firing and glutamate release within the NTS 
Figure 6. CCK rescues eCB-LTD
A, normalized EPSC amplitude for 12 neurones before and after induction of LTD by LFS in rats refed for 3 h and injected with vehicle. B, normalized EPSC amplitude for 10 neurones before and after induction of LTD by LFS in rats refed for 3 h and injected with devazepide. C, normalized EPSC amplitude for 8 neurones before and after induction of LTD by LFS in fasted rats injected with vehicle. D, normalized EPSC amplitude for 9 neurones before and after induction of LTD by LFS in fasted rats injected with CCK 3 h before killing. E, comparison of LTD amplitude for the different groups. CCK restores LFS-LTD only in the fasted group injected 3 h before killing. Rescue of LTD by refeeding is prevented by injection of devazepide. F, normalized EPSC amplitude for 8 neurones before and during ACEA application in fasted rats injected with CCK 3 h before killing. G, normalized EPSC amplitude for 7 neurones before and during ACEA application in fasted rats first injected with MK-801 then with CCK. H, J Physiol 595.11 comparison of ACEA-induced depression for the different groups. CCK restores ACEA-induced depression in the fasted group via activation of NMDAR. (Sayegh, 2013) . Accordingly, we show that blockade of NMDARs prevented the rescue of eCB signalling by CCK. Interestingly, the full recovery of LTD induction after injection of CCK occurred 3 h after its administration.
In addition LTD rescue requires ERK phosphorylation since blockade of this pathway prevented LTD rescue upon refeeding but did not interfere with LTD induction itself. Peripheral activation of CCKRs leads to transient ERK phosphorylation in vagal terminals (Campos et al. 2012) (Mendoza et al. 2011) . ERK activation can directly inhibit AMPK in several systems (Hwang et al. 2013) . Activation of the NMDAR-ERK pathway by CCK may thus alter the balance between AMPK and mTOR activity, eventually restoring LTD induction in the NTS (Fig. 8) . Further experiments are required to clarify this point. Many studies have suggested that several hormonal signals share similar intracellular signalling pathways within the NTS. For example, α-melanocyte stimulating hormone acting on the melanocortin receptor type 4 induces the activation of the cAMP-protein kinase A (PKA)-ERK pathway as does CCK (Berthoud et al. 2006; Baptista et al. 2007; Rogers & Hermann, 2008; Campos et al. 2012; Rasmussen et al. 2012) . Amylin induces ERK phosphorylation within the NTS (Potes et al. 2012) . Glucagon-like peptide-1 also leads to stimulation of the same pathway and reduces AMPK signalling within the NTS (Hayes et al. 2011) . Conversely, eCB-LTD is mediated by the inhibition of the cAMP-PKA pathway via activation of Gi/o proteins (Chevaleyre et al. 2007 ). Recent studies demonstrate that elevated levels of cAMP can inhibit mTOR through a PKA-dependent mechanism (Xie et al. 2011; Okunishi et al. 2014; Choi et al. 2016) . In addition ghrelin activates AMPK (Andrews, 2011) , as observed during fasting in the NTS (Hayes et al. 2009) , and the PKA pathway (Cuellar & Isokawa, 2011; Cavalier et al. 2015) . At the synaptic level, metabotropic receptors negatively coupled to cAMP (e.g. mGluR2, CB1R) decrease glutamate release by vagal efferent fibres (Chen et al. 2002; Khlaifia et al. 2013) , while those promoting cAMP production (CCK, corticotrophin releasing hormone, α-melanocyte stimulating hormone) increase EPSCs (Lewis et al. 2002; Wan et al. 2008; Browning et al. 2011; Campos et al. 2012) . Therefore, synaptic plasticity of vagal afferent fibres may be conditioned by cAMP/PKA level. Interestingly, a similar scenario was proposed for inhibitory transmission between the NTS and the dorsal motor vagal nucleus (Browning et al. 2014) .
Physiological significance
NTS neurones recorded in this study are second-order neurones (Doyle & Andresen, 2001; Khlaifia et al. 2013) . Despite large variability between NTS neurons, LTD strength distribution is unimodal arguing against discrete subsets of neurons. Interestingly, Fawley and colleagues recently reported that CB1R activation with ACEA similarly depressed excitatory synaptic transmission evoked by visceral afferent fibre stimulation regardless of the transient receptor potential vanilloid 1 expression (TRPV1), a marker of unmyelinated primary visceral afferent fibres (Peters et al. 2010; Fawley et al. 2014) . In addition, neurochemical phenotypes of vagal afferent neurons have been shown to reflect the nutritional status (Dockray, 2014; de Lartigue, 2016) . Therefore, the variability in LTD expression may reflect the history-dependent state of NTS neurons rather than different subpopulations. LTD would thus reduce transmission of visceral information to the brain and would blunt any visceral reflexes involving activation of visceral afferent fibres. Conversely during fasting, disruption of eCB signalling would prevent vagus nerve to brain communication depression and allow a faithful synaptic transmission during prolonged visceral fibre activation. However, visceral afferent fibres make synapses onto both excitatory and inhibitory NTS neurons (Bailey et al. 2008) . Therefore, LTD would differentially affect information processing in NTS neural circuits depending on the balance of the depression between excitatory and inhibitory neurons (McBain & Kauer, 2009) . Although LTD may be a general property of visceral afferent fibres, its induction would also depend on the hormonal status of the rat and the manner 'specific' visceral afferent fibres are activated during a peculiar behaviour. Interestingly, eCBs differentially control evoked glutamate release versus spontaneous release (sEPSC) from vagal terminals via CB1R and TRPV1R, respectively (Fawley et al. 2014) . CB1R activation leads to evoked EPSC depression, as we observed, but TRPV1R activation triggers an increase in sEPCS frequency suggesting that eCBs exert a dual opposing action on glutamate release via different and isolated second-messenger systems (Fawley et al. 2014) . AEA, which mediates LTD in the NTS (Khlaifia et al. 2013) and shows increased levels during fasting, activates both CB1R and TRPV1R (Castillo et al. 2012) . Therefore, it is possible that during fasting sEPSC frequency may be increased via TRPV1R while CB1R signalling is impaired. Further experiments are required to clarify this point.
CB1R signalling with the NTS modulates cardiovascular and gastrointestinal functions (Partosoedarso et al. 2003; Seagard et al. 2004; Van Sickle et al. 2005; Mostafeezur et al. 2012) . Therefore, our data suggest that regulation of these functions by CB1R would be highly dependent on the nutritional status. Regarding regulation of food intake, deletion of CB1R on vagal afferent and efferent fibres does not affect body weight homoeostasis (Vianna et al. 2012 ). Although we cannot rule out compensatory mechanisms in CB1R knockout mice, it suggests that eCB signalling within the NTS may not play a major role in feeding control.
In conclusion, the present study demonstrates that the integration of visceral information at the NTS level is regulated by the nutritional status via the modulation of eCB-dependent synaptic plasticity. This differential adjustment of visceral inputs may thus alter the operating of several autonomic functions organized in the brainstem as well as the internal body state perception by higher CNS structures.
